Abstract-The power density and efficiency of high compression ratio (∼200:1) air compressors/expanders are crucial for the economical viability of a Compressed Air Energy Storage (CAES) system such as the one proposed in [1] . There is a trade-off between power density and efficiency that is strongly dependent on the heat transfer capability within compressor/expander. In previous papers, we have shown that the compression or expansion trajectory can be optimized so that for a given power, the efficiency can be optimized and vice versa. Theoretically, for high compression ratios, the improvement over ad-hoc trajectories can be significant-for example, at the same efficiency of 90%, the power can be increased by 3-5 folds [2], [3], [4], [5] . Yet, the optimal trajectories depend on the heat transfer coefficient profile that is often unknown. In this paper, we focus on the experimental study of an iterative control algorithm to track a compression trajectory that optimizes the efficiency-power trade-off in a liquid piston air compressor. First, an adaptive controller is developed to track any desired compression trajectory characterized by the temperature-volume profile. The controller adaptively estimates the unknown heat transfer coefficient. Second, the estimated heat transfer coefficient from one iteration is then used to estimate the optimal compression trajectory for the next iteration. As the estimate of the heat transfer coefficient improves from one iteration to the next, the quality of the estimated optimal trajectory also improves. This leads to successively improved efficiency. The experimental results of optimal trajectories show up to 2% improvement in compression efficiency compared to linear trajectories in a same power density.
I. INTRODUCTION
Gas compression and expansion has many applications in pneumatic and hydraulic systems, including in the Compressed Air Energy Storage (CAES) system for offshore wind turbine that has recently been proposed in [2] , [5] . In the proposed CAES system, high pressure (∼20-30MPa) compressed air is stored in a dual chamber storage vessel with both liquid and compressed air. Since the air compressor/expander (C/E) is responsible for the majority of the storage energy conversion, it is critical that it is efficient and sufficiently powerful. This is challenging because compressing/expanding air 200-300 times heats/cools the air greatly, resulting in poor efficiency, unless the process is sufficiently slow which reduces power [3] , [6] . There is therefore a tradeoff between efficiency and power.
Most attempts to improve the efficiency or power of the air C/E aim at improving the heat transfer between the air and its environment [2] . To improve the efficiency of the C/E The authors are with Mechanical Engineering Department, University of Minnesota, Minneapolis, MN 55455. Email: fshirazi@umn.edu with few compression stages, it is necessary to enhance the heat transfer during the compression/expansion process. One approach is to use multi-stage processes with inter-cooling [7] . Efficiency increases as the number of stages increase. A liquid piston compression/expansion chamber with porous material inserts has been studied in [3] . The porous material greatly increases the heat transfer area and the liquid piston prevents air leakage [8] . Numerical simulation studies of fluid flow and enhanced heat transfer in round tubes filled with rolled copper mesh are studied in [9] .
In addition, the compression/expansion trajectory can be optimized and controlled to increase the efficiency for a given power or to increase power for a given efficiency. For high compression/expansions ratios 200:1-350:1, such Pareto optimal trajectories have been shown, theoretically, to increase the power of the C/E by 200-500% at the same efficiency, over ad-hoc trajectories such as linear and sinusoidal trajectories [3] , [4] , [5] . In [3] , [4] , the optimal trajectories were derived analytically based on simple heat transfer models and by considering thermodynamic losses alone. For example in [3] , the product of the heat transfer coefficient and heat transfer surface area hA is assumed to be constant; and in [4] , hA is allowed to vary with air volume to take into account the decrease in surface area as the porous material is submerged in the liquid piston. In both cases, the optimal trajectories consist of fast adiabatic portions at the beginning and at the end. For the constant hA case [3] , the middle portion is isothermal resulting in an Adiabatic-Isothermal-Adiabatic (AIA) trajectory, whereas for the volume-dependent hA(V ) case [4] , the temperature difference from the ambient is inversely proportional to hA(V ) leading to an AdiabaticPseudo-Isothermal-Adiabatic (APIA) trajectory.
Optimal trajectories have also been numerically obtained for cases with varying heat transfer coefficient, and considering the effect of liquid friction and flow rate constraints of the system [5] . Application of such optimal trajectories has been verified for a liquid piston C/E using CFD and the results have been compared with AIA and APIA trajectories.
While the theoretical improvement in power/efficiency with the optimal trajectories for air compression over conventional linear and sinusoidal trajectories has been validated analytically and numerically, this paper provides the experimental validation of the usefulness of such optimal trajectories. One issue with implementing the optimal trajectories experimentally is the uncertainty of the heat transfer model. The transient heat transfer coefficient depends in reality on many factors. Even if a constant heat transfer coefficient h is assumed, its value is often difficult to access a-priori. If the estimate of h is inaccurate, there are two consequences: 1) the pressure-volume or temperature-volume trajectories of the air being compressed, which determine the thermodynamic performance cannot be tracked properly; 2) the "optimal" trajectory itself cannot be defined correctly.
To overcome these issues, a temperature-volume trajectory tracking controller that adaptively estimates the unknown heat transfer coefficient h is first developed. This is used to track an estimated optimal temperature-volume profile. The achieved thermodynamic profile is then used to compute an average heat transfer coefficient. This value is then used to compute the next estimated optimal temperature-volume profile. With this adaptive-iterative optimal control strategy, the compression efficiency successively improves for a given power-density (or compression time). Here, we assume a constant h during the compression process to design the optimal trajectories. This assumption is observed to be close to reality when compared to actual heat transfer coefficient profiles. The iterative procedure can be extended to volumedependent h(V ) profiles to result in an improved tracking of the trajectory specially at the end of the process.
The rest of the paper is organized as follows. Experimental setup capable of 10:1 compression ratio is discussed in the next section. A theoretical background is introduced in Section III on optimal trajectories used in experiments. Section IV discusses the adaptive nonlinear controller design and experimental tracking results. The iterative procedure to obtain the optimal compression trajectories is discussed in Section V. The experimental results of constant flow rate and optimal trajectories are presented and discussed in Section VI. Section VII concludes the paper.
II. EXPERIMENTAL SETUP
An experimental setup was built to investigate the performance of the optimal trajectories for air compression as shown in Figure 1 . A water pump circulates water inside the circuit and provides the required flow rate to compress air inside the compressor chamber. Two pressure transducers are mounted in the setup to measure the upstream water pressure and downstream air pressure. An Omega FTB-1412 turbine flow-meter and an Endress+Hauser Promass 80 Coriolis flow-meter are used to measure the water volume and flow rate. However, the Coriolis meter measurement has a time lag of ∆t = 71 ms and the turbine meter is not accurate at small flow rates. Therefore, we combine the volume information of the two meters to obtain a more accurate measurement of the water volume flowing inside the chamber and consequently the volume of the air under compression. The water and air volume at each instance of time are determined as follows.
where V 0 is the initial volume of the air. We add the turbine meter volume difference between time t and t − ∆t to the volume measured from Coriolis meter at time t to compensate for the existing time-lag. A relief valve is More details on this controller will be discussed in Section IV. An op-amp current driver circuit is also used to control the valve by an input voltage from computer. The temperature of the air inside the compressor is obtained from the ideal gas law using the pressure and volume measurements as follows.
where P and V are the measured air pressure and volume, and P 0 and T 0 are initial pressure and temperature of the air, respectively. In each experiment, the screw on the cap of the compressor is opened to make the initial air pressure equal to the ambient. Water is added to the column to set the initial air volume at 300cc. The maximum available flow-rate in the setup is 306cc/s. The initial volume is selected to be 300cc in order to conduct fast compressions in 1-3 seconds.
III. THEORETICAL BACKGROUND ON OPTIMAL TRAJECTORIES
In this section, a brief background on optimal compression trajectories is presented. The interested reader is referred to [5] for a detailed mathematical modeling. Calculating the optimal compression profile can be addressed as a functional optimization problem (or optimal control problem) for which the cost function is the input work defined as follows.
where m, T and V are the mass, temperature and volume of air under compression, R is the specific gas constant of air, Γ is the viscous friction power (between liquid piston and its surrounding solid wall), r is the final pressure ratio, and t c and V f are the compression time and air volume at which the desired pressure ratio is obtained. In Eq. (3), termV (t) is the control input while T (air temperature) is a dynamic state for which, the dynamic equation comes from the first law of Thermodynamics aṡ
where C v and γ are the heat capacity of air at constant volume and the heat capacity ratio of air, respectively. h is the heat transfer coefficient between air and solid boundary which, in general, varies with time during compression based on air properties (h (t) = h(T (t) , V (t) ,V (t) )). T w is the wall temperature which is assumed to be constant at ambient temperature during the compression process. Finally, A (t) is the active heat transfer area between the air and cylinder wall, tube's cap and liquid piston.
While the air is initially at T 0 , V 0 and P 0 (at t = 0), it is desired to compress it to a final compression ratio of r in a final compression time of t c . Therefore, there exists a final manifold for the related optimal control problem that relates the final volume and temperature as follows.
In summary, finding optimal compression profile which results the maximum compression efficiency (for a given compression time and compression ratio) is equivalent to minimizing the cost function defined by Eq. (3), subject to dynamic constraint of Eq. (4) and final manifold of Eq. (6). Additional inequality constraints due to hardware limitations can also be imposed. For example, here we have considered liquid pump limitation so that the liquid piston flow rate is limited.
The continuous optimal control problem is then parameterized as a finite dimensional problem and solved numerically by standard algorithms for a constrained parameter optimization [5] . trajectories is obtained from dividing the isothermal process work over the input compression work for the same pressure ratio of r as follows.
In the calculation of both compression works, the isobaric ejection work is also included. As a rule of thumb, the improvement of compression efficiency for a fixed compression power resulted by optimal compression trajectory is more noticeable at higher pressure ratios and lower power densities. As mentioned earlier, the heat transfer coefficient h is a complex function of air properties, flow regime and the compression chamber geometry. As the result, it is usually difficult to have an accurate model of h during the compression process. In this work, we use an iterative procedure to estimate a reasonable constant average value for h to design the optimal compression profile as described in this section.
IV. ADAPTIVE NONLINEAR CONTROLLER DESIGN
In the experiment, the optimal trajectory is tracked using the controller configuration shown in Figure 3 . As explained before, an inner-loop PI controller is employed to command the control valve. This controller manipulates the upstream pressure of the control valve to provide the desired flow rate. The output of the inner controller is a voltage between 0 and 2V (0 ≤ v ≤ 2V ) that is sent to the power amplifier circuit. The outer nonlinear control loop determines the pressure threshold that is used as a reference for controlling the valve. This controller is responsible for tracking the desired temperature-volume trajectory T d (V ). The input flow-rate is dV and then it is converted to the desired pressure threshold. This conversion is based on a mapping obtained from the steady-state flow-rate of the valve to its upstream pressure.
The nonlinear controller is adapted by estimating the heat transfer coefficient h during the compression process. From now on, we drop the dependency of states on time for simplicity. Referring back to the first law of thermodynamics for the air volume inside the compression chamber, we have
whereV w is the water flow rate to the champer and negative of the air volume derivativeV w = −V . The feed-forward control input is obtained from steady-state conditions when T = T d and T d is the desired temperature trajectory.
whereĥ is the estimated heat transfer coefficient. By sub-
w and solving forV * w the feed-forward term is determined as follows.
A feedback control law is also introduced to guarantee the closed-loop exponential stability.
where λ is the feedback gain. Figure 4 illustrates the tracking of the temperature-volume optimal trajectory for compression times of 1.5s and 2.5s. The actual temperaturevolume tracks the desired T-V optimal trajectory closely. Therefore, the efficiency of each process is obtained to be approximately the same as its theoretical value. In the experiment, at the end of the process the flow rate drops because of counteracting pressure inside the column leading to decreasing temperatures. The experimental temperature profiles for compression times of 1.5s and 2s are also shown for optimal and constant flow-rate trajectories in Figure 5 . It can be seen that constant flow-rate trajectories result in higher temperatures at the second half of the process that makes an important effect on decreasing the compression efficiency compared to optimal trajectories. 
A. Adaptation of Heat Transfer Coefficient
The actual value of the heat transfer coefficient h is not known. Therefore, an estimation approach should be employed to adapt the nonlinear controller with the current value ofĥ. Consider the following error dynamics obtained from equations (11) and (14).
where e = T − T d andh = h −ĥ are the temperature tracking error and heat transfer coefficient estimation error, respectively. Then, a positive Lyapunov function is defined as follows.
where σ > 0. The derivative of this Lyapunov function is obtained to be as followṡ
The estimation error dynamics is chosen such that the derivative of the Lyapunov function becomes negative and the closed-loop system stability is guaranteed. Therefore, for the following adaptation law we havė
V. ITERATIVE CALCULATION OF OPTIMAL TRAJECTORIES
The optimal trajectories are designed for constant values of h. Here, we consider an iterative algorithm that takes advantage of both experimental data and theory to obtain optimal compression trajectories for the experimental setup. In this algorithm, for a given compression time t c and a maximum flow rateV max , an initial value of heat transfer coefficient h 0 is assumed and the optimal compression trajectory, e.i., temperature versus volume T i (V ) is determined using the optimization code. This trajectory is used in the experiment for tracking. The experimental data is acquired and analyzed to obtain the corresponding efficiency η i , compression time t ci and a mean value of actual h i . The heat transfer coefficient during the compression process is calculated from the following equation.
where Q is the heat transfer between the compressed air and the ambient obtained from the first law of thermodynamics as follows.
At the beginning of the process, both heat transfer rate dQ dt and (T − T w ) are small and their ratio is not meaningful. Therefore, we do not take into consideration the initial values of the heat transfer coefficient. The mean heat transfer coefficient h i is determined by averaging over the process in each iteration. This calculated h i is again inserted in the optimization code to obtain the next optimal trajectory. This iterative procedure is carried on until the efficiency is not increased anymore and a final value of h N is obtained, where N is number of iterations. Figure 6 shows a sample convergence curve of h. Following the procedure explained above, an initial guess of h 0 = 8 Table I for 4 different compression times. The efficiencies are obtained for the optimal trajectory corresponding to the converged h value.
VI. EXPERIMENTAL RESULTS
As explained before, the trade-off between efficiency and power density of air compression plays an important role in CAES systems. In order to obtain a benchmark for powerefficiency characteristics of our experimental setup we first conducted a series of experiments with different constant flow-rate linear volume trajectories. Table II summarizes Figure 7 shows the comparison of pressure-volume curves for optimal, isothermal, adiabatic and constant flow-rate trajectories for a compression time of 3s and compression ratio of 10. The isothermal curve corresponds to an infinitely slow, 100% efficient process while the lowest efficiency of 70.4% is obtained from the adiabatic infinitely fast compression. It is observed that the optimal trajectory P-V curve is found to be shifted towards the isothermal curve compared to the constant flow-rate process that results in 2% higher efficiency for a same power density. A summary of efficiency versus power density of optimal and constant flow rate trajectories is shown in Figure 8 . The simulation results are also presented for the optimal trajectories. It is observed that for a same value of power density the efficiency of optimal trajectories can be higher up to 2%. This difference is more significant at higher efficiencies that is consistent with the simulation results discussed in Section III. On the other hand, for a same efficiency the power density can be increased up to 20% for a pressure ratio of 10.
VII. CONCLUSIONS
This paper presented the experimental investigation of optimal trajectories for air compression. The experimental setup and procedure were discussed in detail. An adaptive nonlinear controller was designed to command the desired flow-rate to the compressor chamber and track the temperature-volume optimal trajectories. This controller was adapted based on the real-time estimation of heat transfer coefficient h. Since the actual value of h is not known, an iterative procedure was introduced to obtain the optimal trajectory using the experimental data. For a given compression time and compression ratio, the final optimal trajectory was determined based on the converged average value of h. The experimental trajectory tracking results and efficiency-power density calculations were presented. It was shown that for a same compression time and a relatively low pressure ratio of 10 the optimal trajectories can improve the efficiency up to 2% compared to linear constant flow rate trajectories. The experimental results also suggest to use a volume-dependent h(V ) profile to design the optimal trajectories in order to improve the tracking performance. The deign of optimal trajectories using the iterative procedure can be suited for the actual CAES system where the compression/expansion trajectories are designed and optimized for the desired operating conditions.
